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TECHNICAL CONTENT STATEMENT 


This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the 
United States Department of Energy, nor any of their employees, 
nor any of their contractors, subcontractors, or their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness or 
usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe 
privately owned rights. 


Reference herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or otherwise, 
does not necessarily constitute or imply its endorsement, 
recommendations, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed 
herein do not necessarily state or reflect those of the United 
States Government or any agency thereof. 
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ABSTRACT 


This report presents the results of s one-year effort to 
determine the applicability of laser-calorimetric spectroscopy to 
the study of dsep-lcvsl impurities in silicon. Critical 
considerations for impurity analysis by laser-calorimetric 
spectroscopy are discussed* the design and performance of a 
cryogenic laser calorimeter is described, and measurements of 
background absorption in high-purity silicon are presented. 


1 


Introduction 


This rsport prsssnts tho rssults of a ono-ysor sffort to 
dstsrains tho opplicabiii y of lassr-caloriastric opsctroscopy 
til to ths study of dssp- level ispuritiss in silicon. Thsrs wsrs 
thrss parts to ths sffort: to invsstigats ths critical 

considerations in ths application of caloriastric asthods to dssp 
lsvsl opsctroscopy, to design and build a cryogsnic calorlseter 
for spsctroscopic seasuresents, and to ca.~ry out calorisstric 
ssasursasnts of optical absorption in silicon. All thrss stagss 
of tho sffort wsrs cospleted. 

Lassr Calorisstric Spectroscopy 

Ths goal in ths application of calorisstric opsctroscopy to 
ths study of dssp- lsvsl ispuritiss is to dsvslop on occurats 
ssthod of ssasuring ths ispurity lsvsl snsrgiss using optical 
absorption ssthods. Ths rsaoon for devsloping a cryogsnic 
capability is to allow tsspsraturs-dspsndsnt studios of 
dssp-lsvsl snsrgiss. Ths lsvsl snsrgiss ors dstsrsinsd by 

O 

ssasuring ths photoabsorption cross ssction a as a function of 
wavelength, and than fitting ths data using a lins-ahaps sodsl. 

Ths sxpsrissntal configuration is shown in figures 1 and 2. 
Light fros a lassr illusinatss ths saspls. Ths sample is sountsd 
on ths cryostat coldfinger, to which it is wsakly couplsd 
thsr sally. Ths saspls tospsraturs is sonitorsd by a diffsrsntial 
tharaocoupla, and tsspsroturs changss ars dstsctsd by a 
nanovoltseter , and rscordsd by a chart racordsr. 

Figurs 3 shows a plot of typical data obtained by this 
ssthod. Ths slops of tho hsating curvs provides ths principal 
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information on tha abaorbad power, and tha alopa of tha cooling 
ourva providaa a correction for boat loaa froa tha aaapla to ita 
aurroundinga. Tha procaaa ia daacribad by tha aquation: 


abs 


■ me 


dT 

dt 


H 


dT 

dt 


whara P a ba tha abaorbad power, a ia tha aaapla aaaa, c ia tha 

dT 

apacific heat, and ~ ia tha temperature alopa during heating and 

dt 

cooling, measured at tha aaaa taaparatura. Froa a knowledge of 
tha abaorbad power, tha abaorption coefficient a ia determined 
froa tha aquation for tha relative abaorption (for a ^ <<1 > : 

P abs m (1-R 2 ) aft 
P 0 l-R 2 (l-2ai) 


Where R* single-surface power reflectivity, ft * sample thickness, 
and Po ■ incident power. The relationship of the abaorption 
coefficient a to the pnotoionizatior. or photoneutralization 

O 

cross section o of a given deep-level transition depends on 
whether the absorption ia primarily due to the deep level 
impurity, or to other abaorption mechanisms. If deep- level 
abaorption dominates, and if there ia only one active deep-level 
transition, then the relationship is: 

a - N a 

where N ia the number density of optically active deep 

■v 

impurities. 

Critical Considerations 

The calorimetric method has been used in the past at this 
laboratory to measure relative absorptions os small as 10~S 
(ie.10 ppm) . 
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Successful aessureaents of such small signals rsquirss sttsntion 
to dotails not svldont in looking at tha aiapla analyaia 
equations. Tha priaary naans aval labia for datacting ayatasatic 
arrora ara by axaaining tha haating/oooling ourvaa for propar 
axponsntlal bshovlor. 

Tha Halting ayataaatic arror in laaar calorlaatry la 
usually hast lacks cauaad by stray light (scattered or 
raflactad). A saall amount of acattarad light that is strongly 
abaorbad by an apparatus coaponant oan raault in arronaoua 
signals grsatsr than tha trua signal. For example, wa hava 
obaarvad coaaa in which thin-foil light bafflaa hava baan hsatad 
by acattarad light aufficiantly to raradiata significant lavala 
of powar in tha aid and far infrarad at wavalsngths for which tha 
sample waa strongly absorbing, resulting in order-of -magnitude 
arrora. Additional arrora occur if acattarad light atrikaa tha 
tharaocoupla. Thasa problaaa ara coapoundad by tha confinad 
space of a cryogenic caloriaatar because of tha difficulties of 
installing light baffles to control acattarad light. 

Furthermore, tha high raflactivity of silicon anhancaa aultipla 
reflect Iona. Careful alignaant of tha aaapla to ba parallel to 
tha cryostat windows, and noraal to tha laaar baaa la asaantial. 

Tha major aaapla consideration for auccaaaful optical 
absorption spectroscopy of deep-level impurities is that 
deep-impurity absorption dominate all other absorption 
mechanisms. Poaaibla sources of background absorption include 
free carrier absorption, absorption by pracipataa and inclusions, 
two-photon band-to-bond absorption (pulsed sources only), and 
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multiple-phonon lndirtct bend-to-band absorption. Tha 
raquiraaant of lot* frea-carrler absorption is of apaclal 
iaportancs in tha oaas of wclar-eell grads silicon ainca such 
■atarial ia of relatively lot* resistivity . Consequently, solar 
call aatarial would hava to ba heavily doped with deep- level 
impurities in order for the de<«p- level signal to exceed the 
free-cerrier signal. Fundamental studiee of deep-level 
impurities ore restricts 1 to high-resistivity silicon. 

For samples in which the deep-level absorption dominates, 
the level energy ia determined by measuring the photoabaorption 
cross section aa a function of incident photon energy. A 
typical photoabaorption croao section ia shown in figure 4. Tha 
level energy ia near but not at the measured threshold energy. 

The level energy cannot be accurately determined merely by 
measuring tha upper part of the ehoulderj it ia necaaaory to 
follow tha curve down as low aa poaaibla in the steep region near 
the threshold. Consequently, samples should be heavily doped 
with deep-lavel impurities in order that aa much aa possible of 
the impurity absorption signal lie above the background 
absorption signal due to other absorption mechanisms. 

The reason that tha photo cross section must be measured 
down ea low aa possible in the steep region near tha threshold la 

v, 

that the line shape is strongly influenced by coupling to the 
lattice. The apparent level energy ia tharefore a combination of 
electronic and vibrational anergiea. The theory describing this 
coupling is not fully davaloped, although the configuration 
coordinata modal and Hueng-Rhys thaory provide a beginning. 
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The coupling to tha lattlca has an additional affact l.a.: 
taaparatura dapandanoa of tha laval anargy. Aa ahown by Van 
Vachtan and Thurmond 12) , tha anarglaa aaaaurad by optical 
abaorption ara Gibba fraa anargy changaa AG, wharaaa tha anarglaa 
aaaaurad by tharaal activation ara anthalpy changaa AH. Thaatt 
anarglaa ara not unually aqual. Haaauraaanta of AG and Ah aay ba 
raconcilad by aaaauring tha taaparatura dapandanca of AG. Tha 
taaparatura darivntlva of AG than providac tha antropy changa AS 
of tha daap laval tranaltion. Tha Gibba fraa anargy, tha 
anthalpy. and tha entropy ara ralatad by tha aquation 

AG - AH - TAS . 

Additional uaaful information la conta inart in tha antropy changa 
AS. Thia aay provida cluaa aa to tha natura of tha daap laval 
daf act . 

Cryoganic Calorlaater Davalopaant 

Tha caloriaatar waa daaignad ualng a Sulfraln liquid haliua 
dewar, which for thia work waa oparatad ualng liquid nltrogan. 

Tha aaapla waa auapandad on thin nylon thraarta from poata that 
ara an integral part of tha dawar cold fingar. A radiation 
ahiald with two 5aa diaaatar porta waa aountad on tha cold 
fingar. Tha radiation ahiald waa daaignad to accapt quartz 
windowa to block room -taaparatura radiation at wavalangtha bayond 

V. 

3 /i a, but thia raflnaaant provad to ba unnacaaaary. Sinca tha 
aaapla la only waakly couplad thermally to tha cold fingar, lta 
ataady atata taaparatura waa atrongly influancad by tha radiation 
ahiald. It waa found that for liquid nltrogan operation <77K>, 
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tha ttaady atata aaipla taaparatura waa 90K with tha radiation 
ahlald In plaea* and 180K without tha radiation ahlald. 

?impla taaparatura waa aaaaurad ualng a diffarantlal 
tharaocoupla of 3~mll dlaaatar coppar-conatantan wlra. Tha 
tharaoooupla rafaranca junction waa gluad to tha cold flngar, and 
tha aaapla junction waa gluad to tha aaapla ualng a vary aaall 
quantity of GE7031 varnlah. Thia waa haat-curad ualng a 
aoldaring iron* and ualng tha tharaocoupla to monitor tha varnlah 
taaparatura. It la important that tha aaallaat-poaaibla amount 
of varnlah ba uaad in ordar to avoid a falaa aignal dua to 
abaorptlon of acattarad light by tha varnlah during apactroacopic 
maaaurmanta . 

Aa a praliminary taat of aignal calibration* tha calorlmatar 
waa oparatad aa a powar matar. Thia waa dona by Illuminating a 
aillcon aampla with rad light (6328 X) from a HaNa laaar. At 
thia wavalangth* all light that waa not raflactad waa abaorbad. 
Tharafora* tha rata of taaparatura changa could ba pradictad* 
knowing tha lncidant powar. Comparlaon of tha calculatad and 
aaaaurad rataa of taaparatura changa ahowad that tha aaaaurad 
rata waa about 40k lowar than pradictad. Thia dlacrapancy la 
praaumably dua primarily to arrora in tha aaaumad h« * capacity. 
Two af facta ara raaponaibla for thia dlacrapancy. Tha flrat la 

■v 

that tha contribution of fraa carriara to tha haat capacity waa 
not includad. Thia la known to ba a aignif leant affact. Tha 
aacond ia that tha aampla waa tharmally couplad to tha cold 
flngar* and ao aoma proratad contribution to tha haat capacity 
dua to thia coupling muat ba includad. Tharafora* in ordar to 


7 


directly Mtiura the halt capacity by alactrical heating, an 
inaulatad conatantan wire was wrapped around the aaapla. While 
thia aathod avoida tha problaa of aaauaing a haat capacity , it 
introduoaa an additional riaH of a faiaa aignal dua to abaorption 
of acattarad light by tha haatar wira during apactroacoplc 
aaaauraaanta. Therefore, tha prafarrad aathod ia to calibrate 


tha haat capacity electrically , and than ra^ova tha wire for tha 
epeotrosoopic meaaurement, correcting for tha haat capacity of 
tha ebaent heater wira. 

Spectroscopic Heaaureaenta 


In order to determine tha raaidual background ebaorption, 

tha ultimata limiting factor in deep level optical abaorption 

apectroacopy , abaorption maaauramanta ware carried out in high 

raaiativity ail icon at two wavelength*. Thu eample warn 

float-zone ail icon purchased from Wecker Silt/onic. It had a 

raaiativity of 10* -cm, and a free-ce.-rier lifetime of 9 x 10~ 3 ^. 

Thg maaauramanta ware carried out at room temperature. 

Tha firat meaaureaant waa carried out at a wavelength of 

1.9 ^im, obtained by 9aman ahifting in hydrogen of tha 1.06 /is 

radiation from a Q-awitched Nd:YAG lamer. Tha incident intensity 
MW 

waa 3 — j • <nd the pulaa length waa about 20na. An apparent 
cm 

abaorption coefficient of 1 x 10"2 cm -1 waa maaaurad. Tha 
absorption waa found to be intensity dependant, although it did 
not vary linearly with lntanaity, aa would be expected if tha 
causa ware two-photon abaorption. Thia axcaasivaly atrong 
abaorption ia tha raault of tha high intensities pxsoent whan a 
Q-awitched laser la uaad aa tha light eource. This is 
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unfortunate becauae tunabla nee..* -infrared radiation ia aoat 
readily obtained uaing pulaad aourcaa. It ia preferable to avoid 
the need to analyze intensity-dependent abaorption data, ainca 
thia adda one aore degree of complication. The low intenaity 
abaorption limit could not be inferred from the data, except to 
aay that it ia laaa than 10 -2 c* -1 . 

The aacond measurement was carried out at a wavelength of 
1.32 pm, obtained from a cw NdlYAG lamer. The abaorption 
measured at thia wavelength was 1 x 10~ 3 c* _1 . The source of thia 
abaorption is not known. However, three-phonon indirect 
band-to-band absorption has been reported to exist at these 
photon energies. The measurements that were carried out at 1.32 
fim are discuaaad in more detail in the attached paper, accepted 
for presentation at the 0M85 conference sponsored by the National 
Bureau of Standards in Gaithersburg, HD in Hay, 1985. 

Based on these data, soma limited conclusions can be reached 
concerning the applicability of calorimetric spectroscopy, and 
closely related methods such as photoacoustic spectroscopy in the 
study of deep-level impurities in silicon. At wavelengths 
shorter than 1.32 pm, the intrinsic background absorption can be 
expected to exceed 1 x 10” 3 cm _1 . At longer wavelengths, the 
absorption should be lower over some wavelength interval, until a 

-s. 

point is reached where free carrier absorption or lattice 
absorption will dominate. As a practical matter, it will be 
difficult to measure absorptions below 10 _3 cm _1 at cryogenic 
tempex^tures because of scattered light problems. Cold sample 
surfaces cryc ^ *p residual water vapor, resulting in frost that 
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strongly scatters incident light. In one study at Hughes, Malibu 
it was found that sxtrsss cleaning Measures were necessary at 
tesperatures of 40K in order to reduce apparent background 
signals due to scattering below 10" 2 cm" A [3] . In another study 
at the Air Force Weapons Laboratory, it was necessary to resort 
to ultrohigh vacuum technology in order to avoid surface 
cryopunping problemr at liquid heliun temperatures C43 . 

Summary 

The principal limitations for the application of laser 
cryogenic calorimetric spectroscopy to the study of deep- level 
impurities in silicon are: 

Scattered . ight 

Free carrier absorption 

Intensity-dependent absorption 

Requirement for a single active deep-level transition 
Requirement for heavily deep-doped samples 
Availability of tunable cw near-infrared lasers. 
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